Abstract: Saccharomyces cerevisiae Hansen GAL1 (galactokinase) generates galactose-1-phosphate; GAL7 (galactose-1-phosphate uridylyltransferase) transfers UDP between galactose or glucose and their respective sugar-1-phosphate conjugates, and both are essential on galactose. Aspergillus nidulans ANID_04957 has 41% amino acid sequence identity with GAL1; ANID_06182 has 50% sequence identity with GAL7. The names Aspergillus nidulans GalE (galactokinase) and GalD (galactose-1-phosphate uridylyltransferase) are consistent with prior studies. Complemented galD⌬:ScGAL7 and galE⌬:ScGAL1 strains had wild-type phenotype, demonstrating functional homology. The galD5 and galE9 alleles were truncated. Strains galD⌬ and galD5 were impaired on minimal medium containing 1% galactose (MM-Gal) at pH 7.5 and did not grow on MM-Gal pH 4.5. Strains galE⌬ and galE9 grew on MM-Gal at both pH levels. Strains galD⌬ and galE⌬ produced wild-type conidiophores on minimal medium containing 1% glucose (MM-Glu) but few spores; for both, sporulation was lower on MM-Gal pH 7.5. GalD-GFP (green fluorescent protein) and GalE-GFP were cytosolic and upregulated on MM-Gal, consistent with quantitative real-time polymerase chain reaction. Galactofuranose immunolocalization in galD⌬ resembled wild type on MM-Glu but was reduced on MM-Gal. The galE⌬ strains had immunolocalizable Galf on all these media. Strains galD⌬ and galE⌬ were more sensitive to calcofluor, caspofungin, and itraconazole on MM-Gal. Neither galD nor galE is essential on galactose at high pH, implying additional routes for galactose metabolism in Aspergillus. Aspergillus galactose metabolism is more complex than that of S. cerevisiae.
Introduction
Galactose metabolism is conserved from bacteria through humans (Christacos et al. 2000; Ross et al. 2004) . Galactose itself cannot be used directly for glycolysis. Before it can enter the Embden-Meyerhof glycolytic pathway, galactose must be converted via galactose-1-phosphate into glucose-1-phosphate (Sellick et al. 2008) . The enzymes of the Leloir pathway are responsible for this conversion. The Leloir pathway enzymes for galactose metabolism are galactokinase, galactose-1-phosphate uridylyltransferase, and UDP-glucose-4-epimerase (Holden et al. 2003) . These enzymes are named differently in different systems. To avoid confusion, names for orthologous genes in Aspergillus, Saccharomyces, Escherichia, and Human are included in Fig. 1 . The Leloir pathway is also summarized in Fig. 1 .
In humans, mutations in any Leloir enzyme can produce clinical deficiencies in galactose metabolism, known as galactosemias (Holden et al. 2003; Timson 2005) . Mutations in human galactokinase and galactose-1-phosphate uridylyltransferase produce galactosemia types I and II, respectively (Holden et al. 2003; Timson 2005) . Symptoms begin within a few days of birth and progress to poor growth and mental retardation, cataracts, and potentially fatal accumulations of galactose in tissues. Treatment requires a diet free of lactose and high-galactose foods such as celery and stone fruits. More than 130 different mutations in human galactose-1-phosphate uridylyltransferase have been mapped to the E. coli GALT crystal structure (Wedekind et al. 1996) and correlated with their clinical outcomes (Elsas and Lai 1998) .
Saccharomyces cerevisiae galactose-1-phosphate uridylyltransferase (GAL7) and galactokinase (GAL1) were characterized by Slepak et al. (2005) , who described them as having pivotal roles in S. cerevisiae growth and metabolism. An S. cerevisiae strain deleted for GAL7 (gal7⌬) ceased growth after 0.2% galactose was added to the yeast extract -glycerol broth in which it had been growing exponentially. The full effect of growth inhibition by galactose in gal7⌬ cells required ϳ4 h, during which they accumulated galactose-1-phosphate (Slepak et al. 2005) . Using real-time polymerase chain reaction (RT-PCR) and gene expression profiling, they also showed that during "galactose intoxication", RNA and ribosome biogenesis were downregulated and inositol biosynthesis was upregulated, suggesting that galactose-1-phosphate accumulation had multiple adverse effects. Slepak et al. (2005) also showed that unlike gal7⌬, in gal1⌬ the addition of 0.2% galactose did not prevent growth. Both the presence of galactose and the absence of glucose are required for induction of galactose metabolism enzymes (Timson 2007) .
The biological function of galactokinase (GalE) and galactose-1-phosphate uridylyltransferase (GalD) have not been fully characterized in Aspergillus. Roberts (1963 Roberts ( , 1970 described some roles of mutant alleles of these enzymes in galactose metabolism, and Fekete et al. (2004) explored the enzymatic role of galactokinase in Aspergillus nidulans.
The A. nidulans Leloir pathway enzymes UDP-glucose-4-epimerase (ugeA) (El-Ganiny et al. 2010 ) and UDP-galactopyranose mutase (ugmA) (El-Ganiny et al. 2008 ) are required for wild-type hyphal morphogenesis and spore development and have similar deletion phenotypes. Consistent with their role in generating galactofuranose (Galf) residues for the cell wall, strains without UgeA or UgmA both lack wall Galf and have similar defects in hyphal wall architecture (Paul et al. 2011) . Deletion of the UDP-Galf transporter, UgtA, which acts downstream of UgmA, has a similar effect (Afroz et al. 2011) . Here, we characterize deletion strains for A. nidulans galactokinase and glucose-1-phosphate uridylyltransferase, which function immediately upstream of UgeA, and compare them to partially described mutant alleles of these enzymes from earlier studies (Roberts 1970) .
Methods

Cultures and growth conditions
Strains, plasmids, and primers used in this study are listed in Supplementary Table S1 . 1 Aspergillus nidulans strains were grown as described in El-Ganiny et al. (2008) , using media described in Kaminskyj (2001) , and supplemented for nutritional markers as required. Minimal medium contained 1% glucose or 1% galactose (MM-Glu or MM-Gal, respectively), plus nitrate salts and trace elements. MM-Gal containing 70 mmol·L −1 NaNO 3 was called MMN. MM-Gal containing 70 mmol·L −1 ammonium tartrate as the N source was called MMA. Complete medium (CM) was MM amended with 0.4% peptides (0.2% peptone, 0.1% casamino acids, 0.1% yeast extract) and vitamin solution. The morphometric analysis, expression, and drug studies used MM-Gal containing nitrate at pH 7.5.
Strain construction and validation
Protoplasting followed procedures in Osmani et al. (2006) . Protoplast storage is described in El-Ganiny et al. (2010) . Gene knockout, complementation, GFP-tagging, and cDNA construction are described in El-Ganiny et al. (2008 and Afroz et al. (2011) following methods in Nayak et al. (2006) and Szewczyk et al. (2007) . Confirmation of gene manipulation used genomic DNA from putative transformant strains as a template for PCR with combinations of primers, as shown in Supplementary Table S1 and Supplementary Figs . S1-S6. 1 Primer binding sites used for confirmation were ϳ50 bp outside the sites used for construction or were in the selectable marker. Spore genomic DNA was extracted using the microwave procedure described in Alam et al. (2012) . cDNAs were cloned into pCR4-TOPO and sequenced using a Genetic Analyzer (Applied Biosystems).
Complementation of galD⌬ with S. cerevisiae GAL7 and galE⌬ with S. cerevisiae GAL1 GAL7 and GAL1 were amplified from S. cerevisiae genomic DNA. A construct consisting of GAL7, the selectable marker AfpyroA, and 1 kb flanking regions of the galD coding sequence was created using fusion PCR and introduced into the galD⌬ strain. ScGAL1 was introduced in the galE⌬ strain as described for GAL7. Strains were validated using PCR (described above) and morphometry on MMGal (described below).
Strain morphometry
Colony and hyphal characteristics of the galD⌬, galD5, galE⌬, and galE9 strains were quantified using procedures described in El-Ganiny et al. (2008) . Colony growth was compared for strains inoculated as 5 L drops containing 5000 spores and incubated for 2 days at 28°C. For fluorescence microscopy, freshly harvested conidia were grown on coverslips for 16 h at 28°C in liquid MMGlu or MM-Gal (with nitrate, pH 7.5), fixed in formalin, and stained with 0.4 g·mL −1 Hoechst 33258 (for nuclei) and 0.2 g·mL −1 calcofluor (for cell walls). Samples were imaged by confocal fluorescence microscopy using a Zeiss META510 and a 63×, N.A. 1.2 multi-immersion objective, and 405 nm excitation.
Hyphal width (at septa) and basal cell length (distance between adjacent septa) were measured for 30 cells per strain, and nuclei were counted in those cells. Morphometry data (Table 1) are means ± standard errors of the mean. The number of branches in the apical 100 m was counted for hyphae grown on MM-Glu and MM-Gal.
Spores harvested from colonies that appeared to have developed from single spores after 3 days at 28°C were used to estimate number produced per colony, as previously described by El-Ganiny et al. (2008) . Sporulation rate for strain and media combinations are expressed with respect to wild-type on MM-Glu (100%), which was 5 × 10 8 spores per colony. Spore germination counted germlings produced by defined numbers of conidia inoculated on three replicate plates after 24 h at 28°C; for galD⌬ on galactose, germination was assessed after 48 h at 28°C.
Cell wall thickness was measured on transmission electron microscopy (TEM) cross sections of hyphae where the cell membrane was crisply in focus (10 hyphae, two or three measurements each) a Measurement details are described in Methods. Mean ± SE of two measurements for each of four biological replicates were used for statistical analysis (not shown). Values in individual rows that are followed by different letters (c-e) are significantly different at P < 0.05 (ANOVA).
b Drug sensitivity was measured using a disc-diffusion assay (see Fig. 7 ). For caspofungin, sensitivity was the radius (mm) of the clear zone with no visible growth. Mean ± SE of two measurements for each of three biological replicates were used for statistical analysis (not shown). Sensitivity index values on minimal medium containing 1% glucose (MM-Glu) are for each drug and strain combination compared with wild type on that medium. Sensitivity index values for the effect of carbon source, particularly for galD⌬ and galE⌬, should be compared between MM-Glu and minimal medium containing 1% galactose. Values >1.0 are more sensitive than wild type. Index values that differed by >0.2 were based on data that were significantly different.
as described in El-Ganiny et al. (2008) , El-Ganiny et al. (2010) , Afroz et al. (2011), and Paul et al. (2011) . ANOVA tests were used to assess the statistical significance of differences using GraphPad (Prism Software).
Scanning and transmission electron microscopy
Scanning electron microscopy (SEM) followed procedures in El-Ganiny et al. (2010) for colonies grown for 3 days at 28°C on dialysis tubing laid on selective media. TEM examined hyphae grown for 16 h on dialysis tubing (Afroz et al. 2011 ) laid on MM agar.
Galf immunolocalization, GalD, and GalE localization
Hyphal wall Galf content was assessed using immunolocalization following procedures in El-Ganiny et al. (2008) and examined using confocal fluorescence microscopy. Monoclonal anti-Galf antibody L10 was a gift of Prof. Frank Ebel (University of Munich). Primary antisera were used at full strength; TRITC-conjugated goat-antimouse was used at 1:10 dilution. GalD-GFP and GalE-GFP localization, under the control of their wild-type promoters, was examined in growing hyphae using confocal fluorescence microscopy.
Controls included samples with no primary antibody, or no secondary antibody. These produced no fluorescent signal.
Within each fluorescence-based study, imaging parameters were kept constant to permit comparison.
Quantitative real-time PCR
Total RNA was extracted from wild-type strain AAE1, which had been grown for 16 h at 37°C on MM-Glu or MM-glycerol, or MM-Gal (nitrate, pH 7.5), using an RNeasy Plus Mini Kit (Qiagen). One microgram of total RNA was used for cDNA synthesis using a Quantitect Reverse Transcription Kit (Qiagen). To quantify galD and galE expression, we used two-step quantitative real-time PCR (qRT-PCR; QuantiTect SYBR Green PCR Kit, Qiagen) and an iQ5 RT-PCR detection system (Bio-Rad). Conditions were as follows: one cycle at 95°C for 10 min, 40 cycles at 95°C for 30 s, 60°C for 1 min, and 72°C for 1 min. Data were analyzed using the thermocycler-associated software. The galD and galE expression was normalized using actA (Upadhyay and Shaw 2008) . Following amplification, melting curves for the products were generated to ensure that each represented homogenous species.
Antifungal susceptibility testing
Drug sensitivity of galD⌬, galE⌬, and wild-type strains was compared using a disc-diffusion assay (Afroz et al. 2011) . Strains were grown for two rounds on the test media before being used for drug sensitivity studies, to compensate for potential spore dowry effects.
For this test, 1 × 10 7 spores were mixed into 20 mL of 50°C MM agar and immediately poured in 9 cm Petri plates. After the medium had solidified, sterile 6 mm paper discs were placed on the agar surface. Antifungal drug stock solutions were micropipetted onto individual disks: 20 mg·mL −1 caspofungin in water, 20 mg·mL −1 itraconazole in water, or 10 mg·mL −1 calcofluor white in 25 mmol·L −1 KOH (Hill et al. 2006) . Solvent control studies with DMSO and 50% ethanol showed no zone of inhibition. The plates were incubated at 30°C and assessed after 48 h (Kiraz et al. 2009 ).
The radius of the zone of inhibition was calculated as [diameter with no visible growth (mm) -disk diameter]/2.
For each biological replicate, two measurements at orthogonal axes were taken for each disk on each plate. Four plates (biological replicates) were assessed for each strain and medium
Fig. 2. Colony phenotype of
Aspergillus nidulans wild-type (WT; AAE1) strain, galactose-1-phosphate uridylyltransferase strains galD⌬ and galD5 (A212, A213), and galactokinase strains galE⌬ and galE9 (A214) on minimal medium containing galactose (MM-Gal) with two different nitrogen sources and pH levels. Colonies were inoculated from 5 L droplets containing 5000 conidia and grown for 3 days at 30°C. The galD⌬, A212, and A213 strains did not grow beyond the original droplet size on MM-Gal containing nitrate (MMN-Gal) or ammonium (MMA-Gal) at pH 4.5, but all strains grew and sporulated on these media at pH 7.5. combination, and each experiment was repeated. These data were used for statistical analysis. Data are presented as indexed values for galD⌬ and galE⌬ on MM-Glu or MM-Gal with respect to wild type on MM-Glu or MM-Gal.
Results
Identification and characterization of Aspergillus nidulans GalD and GalE
Saccharomyces cerevisiae GAL7 and GAL1 encode galactose-1-phosphate uridylyltransferase and galactokinase, respectively (Broach 1979) . Analysis of the primary amino acid sequences of S. cerevisiae GAL7 and GAL1 using a BLAST similarity search at the Broad Institute (http://www.broadinstitute.org/annotation/ genome/aspergillus_group/Blast.html) showed that A. nidulans ANID_06182.1 had 50% sequence identity with GAL7 and A. nidulans ANID_04957.1 had 41% sequence identity with GAL1. These had been annotated as a galactose-1-phosphate uridylyltransferase and a galactokinase, respectively. We named ANID_06182 as GalD and ANID_04957 as GalE, to be consistent with Roberts (1963 Roberts ( , 1970 We replaced the ANID_06182 coding sequence in the nkuA⌬ strain A1149 with A. fumigatus pyroA, creating strain galD⌬. We replaced ANID_04957, also in A1149, with A. fumigatus pyrG, creating strain galE⌬. Conidia produced by each type of primary transformant were able to form colonies on MM-Glu that lacked pyridoxine or pyrimidine, respectively . Thus, neither GalD nor GalE was essential for growth on glucose.
Aspergillus nidulans galD⌬, galD5, galE⌬, and galE9 phenotypes Hyphal morphometry, sporulation, and germination data for wild-type and deletion strains grown on glucose and galactose are provided in Table 1 . The galD⌬ and galD5 strains did not form colonies on MMN-Gal or MMA-Gal at pH 4.5, but they did at pH 7.5 (Fig. 2) . Roberts (1970) suggested that Leloir pathway enzymes have optimal function at pH 4-6.5 and that alternative pathways are available at higher pH; i.e., greater than pH 7. We compared the growth of all the deleted and mutant strains at pH 4.5 and pH 7.5 to determine whether our galD and galE deletion strains would phenocopy the galD and galE mutants that were described in Roberts (1970) . Phenotypes of galD5 strains A212 and A213 resembled galD⌬ (Fig. 2) , and the phenotype of the galE9 strain A214 resembled galE⌬ (Fig. 2) .
Unlike the S. cerevisiae GAL7⌬ strain, galactose was not toxic for A. nidulans galD⌬. The galE⌬ strain grew and sporulated on both MMN-Gal and MMA-Gal at both pH 4.5 and pH 7.5. The colony size of the galE9 strain was similar to galE⌬ on MM-Gal (nitrate) at pH 7.5 and pH 4.5. We compared the ability of wild-type, galD⌬, and galE⌬ strains to grow on a variety of substrates (Fig. 3) . The wildtype, galD⌬, and galE⌬ strains all grew on MM containing glucose, galactose, or glycerol as sole carbon sources (Fig. 3A) , but their colony phenotypes differed. On MM-Glu and MM-glycerol, galD⌬ and galE⌬ strains produced wild-type colonies (Fig. 3A) . We also grew these strains on MM containing both glucose and galactose ( Supplementary Fig. S8 1 ) . On MM Glu+Gal, both galD⌬ and galE⌬ strains grew like wild type, showing that glucose could suppress the galactose-associated phenotype.
Sporulation of the galD⌬ and galE⌬ strains was reduced about 10-fold on MM-Glu and 100-fold on MM-Gal compared with the wild-type strain (Table 1; Fig. 2 ). The hyphae of galD⌬ and galE⌬ strains grown on MM-Gal were slightly wider than on MM-Glu, and their near-apical regions were highly branched (Table 1 ; Fig. 3B ). The galD⌬ strain was unable to form colonies on galactose at pH 4.5, indicating that GalD is extremely important for A. nidulans growth at low pH. In contrast, the galE⌬ strain formed sparse colonies on MMN-Gal and MMA-Gal at both pH 4.5 and pH 7.5. Similarly, the galE9 strain, A214 (Fig. 2) , formed a sparse colony on MMA-Gal and MN-Gal at pH 4.5, indicating that GalE is more important than GalD in A. nidulans galactose metabolism.
GalD and UgeA share a substrate pool, UDP-galactopyranose (Fig. 1) . We generated a (galD⌬, ugeA⌬) double-deletion strain to study this. On MM-Glu, the (galD⌬, ugeA⌬) strain had compact colonies that resembled those of ugeA⌬ grown on MM-Glu (El-Ganiny et al. 2010; Supplementary Fig. S9 1 ) . On MM-Gal, the (galD⌬, ugeA⌬) double-deletion strain did not grow (Fig. 3A) , likely due to ugeA⌬. Previously, El-Ganiny et al. (2010) showed that ugeA⌬ germination and growth was negligible on galactose, which is consistent with this result. GalE and UgeA do not share a substrate pool (see Fig. 1 ), so we did not explore possible interactions between them.
SEM of wild-type (Figs. 4A, 4B) , galD⌬ (Figs. 4C-4F), and galE⌬ (Figs. 4G, 4H ) strains showed that all of them sporulated better on MM-Glu (Figs. 4A, 4C , 4E, 4G) than MM-Gal (Figs. 4B, 4D , 4F, 4H), consistent with the results shown in Table 1 . For galD⌬ on glucose, there were both small wild-type conidiophores (Fig. 4C ) and structures that appeared to be swollen conidiophore vesicles that failed to produce metulae (arrows in Fig. 4E ). The inset in Fig. 4E shows these naked conidiophore vesicles at higher magnification. On galactose, the galD⌬ strain produced some metulae and phialides, but these were misshapen and produced few spores (Fig. 4D) . The galE⌬ strain grown on glucose produced small conidiophores with metulae and some phialides (Fig. 4G) , whereas on galactose, the galE⌬ strain typically arrested with metulae (Fig. 4H) . The galD⌬ arrest stage corresponds to stage D and the galE⌬ arrest stage corresponds to stage E in Martinelli and Clutterbuck (1971) .
Germination of wild-type spores was similar on glucose and galactose, as expected, but this was not the case for galD⌬ and galE⌬ strains. Germination of galD⌬ and galE⌬ spores was somewhat lower than wild type on glucose, but on galactose, it was reduced (15%; galE⌬) or highly reduced (1%; galD⌬) ( Table 1) . El-Ganiny et al. (2010) showed that hyphal walls of the ugeA⌬ strain grown on glucose were twice as thick as wild type and had a poorly consolidated outer layer. Using TEM, we found that galD⌬ hyphal walls had a poorly consolidated outer layer reminiscent of ugeA⌬ and had a wall thickness similar to ugeA⌬ (Table 1; (Table 1 ; Supplementary Fig. S10 1 ) .
Together, these analyses showed that both galD⌬ and galE⌬ strains had defects at multiple stages. The most severe were for galD⌬ on galactose at pH 4.5, but defects were also notable on galactose at pH 7.5. In contrast, we did not find any severe growth defects for the galE⌬ strain on galactose at either pH 4.5 or pH 7.5. Fig. 4 . Conidiophore development of Aspergillus nidulans wild-type, galD⌬, and galE⌬ strains on medium containing peptides, nitrate, and 1% glucose or 1% galactose (pH 7.5). Well-developed conidiophores of wild-type, galD⌬, and galE⌬ strains grown on glucose (A, C, G) and galactose (B, D, H). Bar in C = 10 m for images A-D, G, and H. (E) On glucose, galD⌬ colonies formed conidiophore vesicles (arrows in E) that frequently failed to form metulae and became overgrown by aerial hyphae. (e) Magnified inset shows abnormal conidiophores (arrows in E) with detail of naked conidiophore vesicles (v) and conidiphore stalks (s). On galactose, galD⌬ (D) and galE⌬ (H) produced metulae and phialides, but few spores (see Table 1 ). Bar in F = 100 m for images E, e, and F.
Aspergillus nidulans galD and galE complementation with Saccharomyces cerevisiae GAL7 and GAL1
We generated galD⌬:GAL7 and galE⌬:GAL1 strains to test for functional complementation of the A. nidulans and S. cerevisiae uridylyltransferase and galactokinase orthologues, respectively. The wild-type, galD⌬:GAL7, and galE⌬:GAL1 strains all produced wildtype colonies on galactose, glucose, and glycerol (Fig. 3A) , and the complemented strains had a wild-type hyphal phenotype (Fig. 3C) , as well. Thus, S. cerevisiae GAL7 and GAL1 were able to restore the loss of A. nidulans galD and galE at the colony and cellular levels, respectively, showing that they are functionally homologous. We refer to them as GalD GAL7 and GalE GAL1 .
Comparison of wild-type, galD, and galE cDNA with galD5 and galE9
The ANID_04957 (galE) coding sequence was predicted to contain three introns, and ANID_06182 (galD) was predicted to contain two introns. We confirmed the length and position of these introns by comparison with the genomic sequence from the Broad Institute. The galD5 mutation had a single nucleotide change at base 628 in A212 and A213 (both G ¡ T) that inserted a stop codon at amino acid 210 of this 384-residue protein (Supplementary Fig. S11 1 ) . The galE9 mutation had conservative mutation, D69E, and near the 3= end had a single base pair insertion at position 1477. This frame shift altered the residues beginning at 480 from …LTEEYYL… to …RRRSAIstop at residue 493 of this 524-residue protein ( Supplementary Fig. S12 1 ) .
Localization of GalD and GalE in Aspergillus nidulans
GalD and GalE were each C-terminal tagged with green fluorescent protein (GFP) under the control of their endogenous promoters. Both strains were morphologically wild type, suggesting that these constructs were fully functional. Both GalD-GFP and GalE-GFP confocal fluorescence patterns were cytosolic and did not show obvious longitudinal gradients (Figs. 5A-5D ). Both the GalD-GFP and GalE-GFP fluorescence intensities were noticeably higher in germlings following overnight growth on MM-Gal (Figs. 5B, 5D ) compared with MM-Glu (Figs. 5A, 5C ). We quantified the relative fluorescence intensity using Zeiss LSM 510 region of interest software. Increased fluorescence intensity in cells grown on MM-Gal (Fig. 5E ) suggested that there should be a comparable increase in galD and galE expression assessed by qRT-PCR when grown on MM-Gal.
Wild-type colonies were grown for 16 h in liquid MM-Glu, MMglycerol, and MM-Gal. RNA was extracted from them so that the relative galD and galE expression could be quantified using qRT-PCR in comparison with actin (actA). Compared with actA, expression of galD on MM-Gal was 10.6-fold more than on MM-Glu (Fig. 5F ), and expression of galE on MM-Gal was 6.5-fold more than on MM-Glu (Fig. 5F ). We did not find any significant change in galD and galE expression on MM-glycerol compared with MM-Glu. This suggests that the expression of GalD-GFP and GalE-GFP is six to 10 times lower when glucose or glycerol is the carbon source than when galactose is the carbon source.
Galactofuranose immunolocalization
Galf was immunolocalized in hyphal walls of wild-type, galD⌬, and galE⌬ germlings at 16 h (Fig. 6) , which has three columns: MM-Glu (6A, 6D, 6G), MM-Gal pH 7.5 (6B, 6E, 6H), and MM-Gal pH 4.5 (6C, 6F, 6I). Lower-case letters indicate the corresponding transmitted light images. In this study, we used the L10 anti-Galf mAb, which recognizes Galf in hyphal walls, but not in spores (El-Ganiny et al. 2008) . Figure 4B in El-Ganiny et al. (2010) shows the Galf immunolocalization using the EBA2 mAb, which is predominantly for spore rather than hyphal Galf. Therefore, the immunofluorescence images in Fig. 6 report on spore germination (cf . Table 1A ) as well as hyphal Galf content. 5 . Aspergillus nidulans galactose-1-phosphate uridylyltransferase (GalD) and galactokinase (GalE) are expressed in the cytoplasm, and their expression is regulated by carbohydrate source. (A-D) Fluorescence intensity for both GalD-GFP and GalE-GFP is higher for cells grown on minimal medium containing nitrate and 1% galactose, pH 7.5, compared with media containing glucose. These images were collected using identical confocal settings. Bar in A = 5 m for A-D. (E) Quantitation of GalD-GFP and GalE-GFP intensity, using intensity at 30 randomly selected cellular sites per sample, as measured by system software. (F) Relative expression of galD and galE using qRT-PCR, expressed as fold changes with respect to actA. This figure appears in colour in the online version.
Galf levels were similar in wild-type hyphal walls grown on MM-Glu, MM-Gal pH 7.5, and MM-Gal pH 4.5 (Figs. 6A-6C ). The galD⌬ spores germinated on MM-Glu (Fig. 6D) had a more intense Galf signal than those germinated on MM-Gal at pH 7.5 (Fig. 6E) . The galD⌬ spore germination was 1% on MM-Gal at pH 7.5 ( Fig. 6E ; Table 1 ) and abolished on MM-Gal at pH 4.5. Figure 6F shows a clump of ϳ50 galD⌬ spores where only one has started to germinate after 16 h. The galE⌬ spores germinated in all three media, albeit with lower efficiency (Table 1A) , particularly on MM-Gal (Figs. 6H, 6I) . Nevertheless, galE⌬ germling walls contained immunolocalized Galf on all three media. Overall, GalD is more important than GalE to germination and Galf biosynthesis, especially for MM-Gal pH 4.5. In contrast, galE⌬ spores germinated and their hyphal walls contained Galf on MM-Gal at pH 7.5 and pH 4.5, suggesting that GalE function was less important for these processes than was GalD.
Sensitivity to antifungal compounds
The sensitivity of wild-type, galD⌬, and galE⌬ strains to antifungal compounds used a disc-diffusion assay. The radius of the zone of inhibition provided quantitative visual information. We compared calcofluor white, which binds to fungal walls; caspofungin, which inhibits beta-glucan synthase; and itraconazole, which inhibits ergosterol synthesis. Sensitivity is presented as an index compared with wild-type on the same medium, so that values greater than 1.0 indicate drug hypersensitivity. Statistical analysis of the raw data and comparison with sensitivity indices showed that a difference of more than 0.2 in index value correlated with statistical significance. Representative plates from this study are shown in Fig. 7 , with quantitative results presented in Table 1B .
The wild-type strain had similar sensitivity to caspofungin and itraconazole on MM-Glu and MM-Gal (Fig. 7) , but was more sensitive to calcofluor white on MM-Gal. The galD⌬ and galE⌬ strains were significantly more sensitive to all three drugs when grown on MM-Gal than MM-Glu (Table 1B) .
Discussion
Aspergillus nidulans GalD (galactose-6-phosphate uridylyltransferase) and GalE (galactokinase) are functionally homologous to S. cerevisiae GAL7 and GAL1, respectively, because the galD⌬:GAL7 and galE⌬:GAL1 complemented strains had wild-type colony and hyphal phenotype when grown on MM-Gal. However, the homologous genes, galD vs. GAL7 and galE vs. GAL1, do not have fully homologous function. GAL7 and GAL1 are essential for S. cerevisiae growth on galactose: the exponentially growing colonies of GAL7⌬ and GAL1⌬ strains died after 4 h growth on galactose (Slepak et al. 2005) . In contrast, the A. nidulans galD⌬:GAL7 and galE⌬:GAL1 complemented strains grew on galactose as a sole carbon source.
GAL7 is essential for S. cerevisiae growth on galactose (Slepak et al. 2005 ) and for galactose metabolism in Kluyveromyces lactis (Dickson and Riley 1989) . However, GalD GAL7 is essential for A. nidulans only when grown on MM-Gal at pH 4.5. At pH 4.5, the galD⌬ strain grown on galactose was severely impaired at all stages from germination to colony development. In contrast, there was limited growth and sporulation at pH 7.5.
GAL1 is essential for galactose metabolism in yeast (Dickson and Riley 1989) . Unlike GAL1, GalE GAL1 was not essential for A. nidulans growth on MM-Gal. For A. nidulans galD⌬ and galE⌬ strains, galactose adversely affected germination, conidiophore initiation, and metulae, phialide, and spore formation. Taken together, the A. nidulans Leloir enzymes GalD GAL7 and GalE GAL1 play multiple but not essential roles in A. nidulans growth and development. The galD⌬ and galE⌬ strains provide insights into their function that would not be possible in a species where they were essential. Identifying products that interact with GalD and GalE will help clarify their roles in galactose fungal metabolism.
Aspergillus nidulans galD5 and galE9 mutant strains were unable to grow on MM-Gal containing nitrate below pH 6 but could grow on CM with galactose (Roberts 1970) ; CM has peptides as well as nitrate. Fekete et al. (2004) reported that an A. nidulans galE⌬ strain they called EFES2 could grow on galactose in the presence of ammonium tartrate. We confirmed these observations and showed that GalD was all but essential for germination and growth on MM-Gal at pH 4.5, but not at pH 7.5, whereas GalE was important but not essential under any condition in this study. Ammonium tartrate (we used 70 mmol·L −1 ) is also a carbon source but likely an insignificant level. Strains galD5 and galE9 encode C-terminal truncations of the transferase and kinase, respectively, and the C terminus of the galE9 product had altered polarity and charge. Our data are consistent with previous results and point to the C termini of GalD GAL7 and GalE GAL1 being important for function. Roberts (1963) also reported that galactose auxotrophs were more common than those of fructose, maltose, or sorbitol, which suggests that galactose-derived compounds such as Galf are relatively more important. Galf is a cell wall component that is important for growth and wall maturation in A. nidulans (El-Ganiny et al. 2010; Afroz et al. 2011) .
The galD⌬ and galE⌬ phenotypes described in this paper are strong evidence that the Leloir pathway is the main route for galactose metabolism in Aspergillus. Notably, ugeA⌬ conidia fail to form colonies when galactose is the sole carbon source, although they produce short multinucleate germlings (El-Ganiny et al. 2010) , suggesting they had starved. In contrast, the ability of galD⌬ and galE⌬ deletion strains to form colonies and sporulate on galactose as a sole carbon source (Fig. 2) is strong evidence that there must be additional minor pathways for galactose metabolism.
Alternative pathways for galactose metabolism have been reported previously: (1) via galactitol, sorbitol, and fructose (Elorza and Arst 1971) , (2) via fructose-6-phosphate and sorbose-6-phosphate (Fekete et al. 2004) , and (3) by galactitol epimerization to tagatose by way of sorbose, with subsequent cleavage into two glycolytic triose-phosphates (Flipphi et al. (2009) . These pathways do not describe the fate of sorbose; however, Flipphi et al. (2009) suggest that sorbose could be catabolized via sorbitol and fructose to fructose-6-phosphate. In Saccharomyces, fructose-6-phosphate can be converted to N-acetylglucosamine, which is a substrate for chitin synthesis (Milewski et al. 2006 ). This alternative pathway is led by formation of galactitol by aldose reductase. Aldose reductase requires NADPH. Therefore, it is possible that aldose reductase is inactive when nitrite is the sole N source because both nitrate and nitrite reductases require NADPH and have high affinity (Bhushan et al. 2002) .
GalD-GFP and GalE-GFP are cytosolic, consistent with their primary sequences lacking signal peptides. Neither had a longitudinal distribution gradient, consistent with their roles in galactose metabolism, and comparable with the even cytosolic distribution of UgeA-GFP (El-Ganiny et al. 2010) . Both GalD-GFP and GalE-GFP fluorescence was more intense (a visual measure of enzyme abundance) in germlings grown on MM-Gal than on MM-Glu. In addition, qRT-PCR showed 10-fold higher galD expression and six-fold higher galE expression for spores germinated on MM-Gal than on MM-Glu. These results are consistent with S. cerevisiae, where the Leloir pathway genes showed higher levels of expression on galactose (Lohr et al. 1995) .
GalE-GFP fluorescence distribution was even, whereas S. cerevisiae GAL7-GFP localization was clumped (Christacos et al. 2000) . The S. cerevisiae Leloir pathway enzymes have been proposed to form multienzyme complexes (Abadjieva et al. 2001; Kindzelskii et al. 2004) . Unlike in Saccharomyces, pronounced galactose toxicity has not been reported in Aspergillus and their Leloir pathways genes are not clustered. Slot and Rokas (2010) suggest that gene clustering may correlate with Leloir pathway defects that produce toxic intermediates.
Galf was immunodetectable when the wild-type and galE⌬ strains were grown on MM-Glu or MM-Gal. Galf was also detectable when the galD⌬ strain was grown on MM-Glu. The Galf content of galD⌬ grown on MM-Gal pH 7.5 was low, and Galf was undetectable on MM-Gal at pH 4.5. Taken together, this suggests that GalD but not GalE has a direct role in Galf biosynthesis. Deletion of UgeA and UgmA led to loss of hyphal wall Galf (El-Ganiny et al. 2008 . The (galD⌬, ugeA⌬) strain was able to germinate on MM-Gal and grew on MM-Glu and MM-glycerol, again suggesting that A. nidulans has additional metabolic pathways leading to energy generation and wall glycan biosynthesis. When grown on MM-Glu or MM-Gal, the hyphal walls of the galD⌬ and galE⌬ mutants were 50% thicker than the cells walls of the wild-type strain, comparable with ugeA⌬ strains (El- Ganiny   Fig. 7 . Response of Aspergillus nidulans wild-type, galD⌬, and galE⌬ strains to agents that target cell walls (calcofluor white, CFW), beta-glucan synthesis (caspofungin, Casp), and ergosterol synthesis (itraconazole, Itra). All strains were grown on minimal medium with nitrate at pH 7.5, containing 1% glucose or 1% galactose. Quantitative results are provided in Table 1 . Arrows indicate where measurements were taken. This figure appears in colour in the online version. Paul et al. 2011) . Also like the ugeA⌬ strain, the galD⌬ hyphal walls accumulated extraneous material when grown in liquid culture, which has been seen previously (El-Ganiny et al. 2008 Lamarre et al. 2009; Afroz et al. 2011; Paul et al. 2011) . Galf residues are found in galactomannans, glycoproteins, lipophosphogalactomannans, and sphingolipids (Lamarre et al. 2009 ), where they may have multiple roles in cell wall structure and cell wall surface adhesion. High spatial resolution chemical analysis of fungal cell walls (Gough and Kaminskyj 2010; Prusinkiewicz et al. 2012 ) and atomic force microscopy (Paul et al. 2011 ) may be able to detect differences in composition consistent with these changes.
The galD⌬ and galE⌬ strains were more sensitive than the wild type to calcofluor white when grown on galactose than on glucose, suggesting their walls were somehow different (maybe weaker) than those of the wild type. The galD⌬ and galE⌬ strains were also more sensitive to caspofungin and to itraconazole when grown on galactose, both of which act in the cytoplasm and must transit the cell wall. We had comparable results on CM (not shown), showing that GalD-related drug sensitivity was also repeatable in complex medium. It may be possible to find compounds that would inhibit GalD function without affecting human GALT. However, these would not be useful by themselves, given the diversity of nutrients available in a host organism.
In conclusion, we have shown that A. nidulans GalD GAL7 and GalE GAL1 play several roles in A. nidulans growth and sporulation. GalD GAL7 is essential for growth on galactose medium at pH 4.5, whereas GalE GAL1 appears to be dispensable. The galD⌬ and galE⌬ sporulation phenotypes arrest at different stages, so it is likely that their products have additional metabolic functions. GalD and GalE expression are upregulated by growth on galactose, but germination and sporulation of galD⌬ and galE⌬ were suppressed on galactose. The galD⌬ and galE⌬ strains were significantly more sensitive than the wild type to antifungal agents on galactosecontaining media. Characterization of phenotypes related to the roles of GalD GAL7 and GalE GAL1 reveals the complexity of galactose metabolism in A. nidulans and that functional homology does not ensure homologous function in different systems. 
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